The study deals with the prediction of the aerodynamic performance of the Gun Launched Micro Air Vehicle (GLMAV) platform by using the ANSYS CFX code. A first step consisted of the validation of the numerical simulation on a two-bladed rotor, which has a diameter of 0.20 m. This micro-rotor model is the perfect reproduction at a scale of 1:10 of the rotor bench that ISL had studied in the nineties. The validation was made by the comparison of the computed thrust and torque with the measured ones. These results proved the ability of the ANSYS CFX code to predict the flow field around MAV rotors and gave us confidence for further computations. The second step consisted of an analysis of the grid convergence for the single rotor of the GLMAV platform. Finally, by using the experience gained from all previous computational investigations, the computation of aerodynamic performance of the two coaxial 0.25-m diameter counterrotating rotors of the GLMAV was carried out in hover flight. 
NOMENCLATURE D = rotor diameter (2 R E ) [m] C T = thrust coefficient C Q = torque coefficient F m = figure of merit g =
INTRODUCTION
A survey of the activities on Micro Air Vehicles (MAVs) in France, in Germany, as well as in the international context shows that the use of air vehicles without pilots (Unmanned Air Vehicles or UAVs) is essential. Indeed, UAVs are the subject of a growing interest on the part of several countries and the use of these machines is particularly well adapted to operations of surveillance and on-site detection. At the beginning of 2007, ISL suggested that the future should be prepared by focusing the institute's interest on MAVs in order to cover the needs in Defence security and civilian security. After the examination of various types of existing MAVs or of those under development and thanks to the skills of ISL in projectile launching by gun effects and in the aerodynamics of rotating blades, a new concept was proposed: the Gun Launched Micro Air Vehicle (GLMAV). The goal consists of bringing an MAV very quickly on the site where it begins to be operational, by using an energy supplied by an external device. This original vehicle packaged in an envelope constituting the projectile shell is thus launched by a portable weapon; further, when the projectile reaches its apogee, it is transformed into an MAV which becomes operational over the site to be observed [1, 2] . The GLMAV has the ability to come back to the launching place after the mission has been accomplished and therefore it is reusable for another mission (Figure 1 ).
Figure 1. GLMAV concept of ISL
The characteristics specified below were selected by taking into account the needs expressed by the DGA and the BAAINBw (formerly BWB). The MAV is conceived in such a way as to have two coaxial contra-rotating rotors of 0.25 m of diameter for a mass of approximately 1 kg. It will have a 500-m range and at least 15 minutes of autonomy. It will be equipped with a system of navigation by GPS and it must be controlled by a certain decision-making power. It will be equipped with an autopilot ensuring the control between the sensor measurements and the flight orders given to various control organs. It will also be equipped with a daytime vision system in order to observe the sensitive zone of some hundreds of square meters; features such as the 3D view or/and the image-mosaic technique can be integrated into the system of vision. Night-vision systems will also be studied in the future.
The choice of a platform with coaxial rotating blades is justified by the fact that the device has to fly in an environment perturbed by obstacles of small dimensions or/and by wind. The urban environment is composed of lampposts, electric cables, signboards and a large quantity of obstacles which are not listed on maps. The capacity for a slow cruise flight of some metres per second is thus essential to the good motion of the vehicle in its environment. The wind, blowing in gusts, is a very important parameter which has to be taken into account because it may completely destabilize the device to such an extent that it can make the mission ineffective. Finally, the capacity for hovering flight with a very good stabilization of the MAV is necessary for the detailed observation of a scene which constitutes the first and main mission of this type of vehicle.
The stabilization of the MAV in a fixed location is a crucial point for the device: the capacity of the vehicle for withstanding wind gusts can be achieved only by a good combination of a minimal inertia with a gyroscopic effect produced by the rotation of blades. Considering the reduced dimensions of the vehicle and the envisaged concept, a platform with two coaxial contra-rotating rotors is suggested, as a device of the classical helicopter type is impossible to realize, due to the rotation speed which should be reached by the anti-torque rotor.
The present publication is dedicated to the study of the GLMAV aerodynamics in order to design the platform in such a way as to maximize its thrust and to minimize its energy consumption. The second section deals with the realization of a micro-rotor model and with measurements in order to validate computations simulating its hovering flight. The third section presents the grids and boundary conditions used for numerical simulations. The fourth section compares the steady-state numerical results with the experimental ones obtained on the micro-rotor model in order to validate this kind of hovering flight computation. The fifth section presents steady-state numerical simulations for the single rotor of the GLMAV platform. Finally, the sixth section deals with the transient numerical simulation for the complete GLMAV platform in hover and the last section concludes the paper.
MICRO-ROTOR MEASUREMENTS
In the case of a vertical, upward or downward flight, the aerodynamic force and the total weight are two strengths of opposite directions: the flight is ascending or descending, depending on the aerodynamic effect which is greater or lower than the weight of the vehicle. The hovering flight corresponds to the balance of the vehicle subjected to these two opposite strengths.
Experimental results obtained in 1993 at ISL on a two-bladed rotor of a 2-m diameter were used to do a first sizing and a first evaluation of the performances which can be expected by the GLMAV with a 0.25-m diameter [3] . This 2-m-diameter rotor was built at the time for fundamental researches in aeroacoustics and in aerodynamics in order to accurately predict the thickness-and the loading noises [4, 5] as well as the aerodynamic performances [6 -8] of helicopter rotors.
In 2008, ISL decided to design and realize a micro-rotor model at a scale of 1:10 of the 2-m-diameter rotor in order to mainly answer to the question of the scale effect and to validate the numerical simulations allowing the GLMAV aerodynamic performance to be evaluated.
The theoretical investigations presented in Refs. [1, 2] are governed by the definitions of the aeromechanics of rotors taking into account some hypotheses about no-scale effect, which must be experimentally verified.
Definitions
The performances of a rotor are characterized by its thrust T and its torque Q. The power P is equal to the product of the torque with the rotation speed Ω. These two main variables expressed by the relations (1) and (2) are normalized (C T and C Q ) in order to compare the performances of different rotors [8] . The figure of merit F m represents a sort of rotor efficiency, it is written according to the relation (3). 
eq. (3) yields:
by using eq. (2), it finally leads to:
with .
Relation (6) shows that the power necessary for the flight of the vehicle is conversely proportional to its figure of merit and to its radius, for a given mass. The optimization consists of minimizing the power so as to maximize the product of the figure of merit with the rotor radius.
Data for the Micro-Rotor Model Construction
The data for the construction of the micro-rotor model of a 0.2-m diameter were calculated by using the aerodynamic performances obtained during the simulated hovering flight of the 2-m diameter twobladed rotor [8] . Figure 2 shows a view of both blades of that rotor and of the device for the measurement of the force and moment components. Pressure sensors are also visible; they were placed in the neighbourhood of the blades with the aim of analyzing the sound field generated in the near field of the rotor [4, 5] . The 2-m diameter two-bladed rotor had a pitch angle θ 0.75RE ranging from 0 to 10°m easured at 0.75 radius R E of the rotor, a constant NACA 0012 profile along the blade span of 0.15-m chord length c and a blade linear twist of -6.945°/m; the root and tip angles were equal to 5.209 and -1.736, respectively, for the angle θ 0.75RE of 0°. These data were used for the dimensioning of the micro-rotor model and on the hypothesis that there is no scale effect between the ISL full-scale rotor and the micro-rotor model in spite of the Reynoldsnumber difference. That hypothesis should be verified by appropriate measurements presented in Section 2.4. A thrust-measurement mechanism and a torque meter equipped the device for precise rotorperformance measurements (Figure 4 ). Due to those very high rotation speeds, the device was calculated in such a way that mechanical elements could withstand the centrifugal force leading to a massive rotor head as well as blade roots. Figure 5 shows the rotor head, the blades and the connecting rods for the pitching-angle adjustment; they are made of steel, and of AU4G and steel, respectively. The brushless motor can reach 24,000 rpm and can deliver up to 600 W. 
Thrust and Torque Measured on the Micro-Rotor Model
The micro-rotor model is mainly built for aerodynamic performance measurements. The thrust and the torque are measured by using a thrust-measurement mechanism and a torque meter, respectively. The thrust-measurement mechanism is based on an FN3148 model from "FGP Sensors & Instrumentation" having a range of 10 N with a linearity and a hysteresis lower than ±0.05% of the range. The torque meter is a CD 1140 model also from "FGP Sensors & Instrumentation" having a range of ±1 mN with a linearity and a hysteresis of ±0.1% of the range. A series of experiments on the micro-rotor model were carried out in July 2011 and the results are discussed in that section. The thrust provided by the rotor and the resistant torque were measured at a rate of 100 kHz as well as the voltage of the battery and the current consumed by the brushless motor. Tests were performed for several rotation speeds ranging from 7,000 to 15,000 rpm. As an example, Figure 6 depicts the raw signals of the thrust and torque and their corresponding spectra. They were recorded for about 100 ms during the test in which the pitching angle θ 0.75RE was 10°and the rotation speed was 12,480 rpm. After the analysis of each test, the mean values of the data were summarized in Figure 7 . The upper plot shows the thrust and torque measured as a function of the rotation speed for a fixed pitching angle θ 0.75RE of 10°. The lower plot depicts the thrust and torque measured as a function of the pitching angle θ 0.75RE for the rotation speed of 12,480 rpm. For reasons of simplicity, the absolute values of the torque are considered on these graphs. The thrust profile is quasi-linear over the rotation-speed range, whereas a slight curvature is observed for the torque. The thrust profile is quasi-linear up to 10°and an inflection is observed beyond that pitching angle, indicating a possible stalling of the blade. The torque profile has a near-parabolic shape up to 12°and there is a great increase beyond 12.5°. Note that in Section 2.3, previous assumptions for the realization of the micro-rotor model gave a thrust of about 6 N for a rotation speed of nearly 13,500 rpm; the real value measured on the device led to a thrust of 5.9 N for that rotation speed. Figure 8 presents the consumed power as a function of the rotation speed for θ 0.75RE = 10°and as a function of θ 0.75RE for a rotation speed of 12,480nd a rotation speed close to 13,000 rpm. The normalization of the thrust and torque, according to equations (1) and (2) respectively, allows different rotors to be compared. Figure 9 compares aerodynamic rotor coefficients applied to the 2-mdiameter rotor and to the 0.2-m-diameter micro-rotor model as a function of the pitch angle θ 0.75RE . The brown and red curves represent 10 4 times the thrust coefficient C T of the 2-m-diameter rotor and of the micro-rotor model, respectively. The cyan and blue curves represent 10 5 times the torque coefficient C Q of the real rotor and of the micro-rotor model, respectively. The light green and green curves represent the figure of merit Fm of the real rotor and of the micro-rotor model, respectively. The torque coefficients are equal from 0 to about 10°, whereas the thrust coefficient is smaller for the micro-rotor model. The difference between the thrust coefficients leads to a lower figure of merit for the micro-rotor model than for the real rotor. The optimum pitch angle is between 10 and 12°for the micro-rotor model. These results lead to the conclusion that a scale effect exists between the 2-m-diameter rotor and the 0.2-m-diameter micro-rotor model.
NUMERICAL SIMULATIONS
Note that in the late nineties, Navier-Stokes numerical simulations of the aerodynamics of the two-bladed rotor with a 2-m diameter performed by using the predecessor of ANSYS CFX did not run for a complete configuration, due to the lack of computational resources. The only computation was carried out by coupling the Navier-Stokes TASCflow solver to the PARSEC potential code developed at ISL [10] .
In 2008, when the construction of the micro-rotor model was decided upon, some numerical simulations were performed in order to check the ability of the ANSYS CFX code to compute the flow around micro-rotor blades turning at high rotation speeds. At first, full RANS computations were made with a coarse grid (Grid No. 1) and the results were satisfactory with respect to the mesh size. Two other meshes were built with increased refinements, Grid No. 2 and Grid No. 3, respectively. After these steady-state numerical investigations, a transient computation on a GLMAV platform with two coaxial counter-rotating rotors having two simplified blades was performed by using a coarse mesh only, due to the lack of computational resources; the results of that computation are not presented in this paper.
In 2011, another version of the GLMAV was designed and new steady-state computations were carried out for a single rotor of the GLMAV platform by also using 3 grid-refinement levels. Finally, the transient flow around the complete GLMAV platform was computed by using a fine grid allowing the performance of the aerodynamic architecture to be evaluated.
Two-Bladed Micro-Rotor Model
The experience gained from the first computation in 1997 served insofar as it reduced the computational domain to a minimum in order to save computational resources. In 2008, the meshes were constructed with the ANSYS CFX Mesh software.
Computational Grids
The computational domain was limited by the surfaces where the boundary conditions were fixed. Grids were constructed for a half-domain, due to the symmetry of the problem. One rotor blade of a radius of 0.100 m was located within a half-cylindrical rotating volume which was embedded in a halfcylindrical fixed domain. The cylindrical interface between the domains was located at a radius of 0.110 m. The planar interfaces between the domains parallel to the blade rotating disk were situated 0.025 m above and below the rotation plane. The cylindrical interface limiting the computational domain was located at a radius of 0.220 m. The planar surfaces limiting the computational domain were situated at 0.115 m and 0.120 m, respectively, above and below the rotation plane. A rotor shaft of an 8-mm diameter passed through the rotating and fixed volumes.
The coarse Grid No. 1 was constructed with the following parameters. The default domain spacings were of 15 mm and the maximum and the minimum values of the default face spacing were 15 and 0.25 mm, respectively. The maximum and the minimum values of the edge length of the blade surface were 1 and 0.1 mm, respectively, and the expansion factor was of 1.2. This led to a mesh of 277,334 nodes and 1,538,734 tetrahedra. The medium Grid No. 2 had default domain spacings of 12 mm and the maximum and the minimum values of the default face spacing were 12 and 0.1 mm, respectively. The maximum and the minimum values of the edge length of the blade surface were 0.5 and 0.025 mm, respectively, and the expansion factor was of 1.2. The maximum and the minimum values of the edge length of the interfaces were 4 and 0.5 mm, respectively, and the expansion factor was also of 1.2. This led to a mesh of 817,023 nodes and 4,541,867 tetrahedra.
The fine Grid No. 3 was constructed with Grid No. 2 by surrounding the blade with inflation surfaces. The refinement was composed of 20 layers with a first prism height of 0.0022 mm, leading to a theoretical y+ value of 2. This led to a mesh of 1,690,040 nodes, 3,160,402 tetrahedra and 33,160 pyramids.
Computations were made for blade pitch angles θ 0.75RE having 5 and 10°as in the experiments of the 2-m-diameter rotor and 0.2-m-diameter micro-rotor model and consequently, six meshes were built. Figure 10 shows the surface mesh of Grid No. 3 for the blade pitch angle of 10°and a zoom around the blade root. 
. Boundary Conditions
Computations were carried out under ambient conditions of P s = 1 bar and T s = 293 K. These boundary conditions were applied to surfaces limiting the computational domain, except to the symmetry plane. That plane was divided into four surfaces by the rotation Z axis; rotational periodic boundary conditions were applied to surfaces of the rotating domain and to those of the fixed domain. The frozen rotor, no pitch, GGI boundary conditions were applied to each interface surface situated at connections between the two domains. Many rotation speeds were set, ranging from 5,000 rpm to 27,500 rpm. In the case of turbulent computations, a zero gradient of turbulence was set at inlet portions of the flow leading to a small amount of turbulence around the vehicle.
Solver
The fluid solver of the ANSYS CFX-11 code is based on Reynolds-Averaged Navier-Stokes equations and provides a solution for the three-dimensional, steady-state, compressible and turbulent single-phase fluid flow in this case [11] . For the computations presented here, the laminar configuration was studied and the SST two-equation model of turbulence [12] was used to provide a link between the turbulent transport of momentum and energy and the mean flow variables and fluid properties. These two kinds of computations were carried out because the Reynolds number is lower than 2.9 • 10 5 based on the blade chord and probably laminar to turbulent transition will occur on the blades. The code is built on a Finite Volume Method that uses different discretization schemes: from the most robust scheme giving a first-order prediction to the most accurate numerical discretization scheme giving a second-order solution. The computation was conducted using a first-order discretization scheme in space and a second-order one in time. A convergence criterion ended the computation and allowed a stationary converged solution to the problem to be obtained. This criterion is based on the maximum of the current dimensionless residual value for each conservation equation of mass, momentum and energy. The software uses multi-block structured non-orthogonal grids, unstructured grids or hybrid grids in order to spatially discretize the domain.
Numerical Simulation Validation
The steady-state numerical simulations of the micro-rotor model were carried out in 2008 for investigations towards the realization of the micro-rotor model. At the time, the results of the extrapolation from the real-size rotor measurements and the computational results were compared and the agreement was very good. These results obtained for θ 0.75RE = 10°are now compared with those of the micro-rotor model in Figure 11 .
There are very slight discrepancies between laminar and turbulent computations probably due to the very small amount of turbulence at inlet zones. The agreement between the computations, the extrapolation from the real-size rotor measurements and the micro-rotor model measurements is particularly good. These results prove the ability of the ANSYS CFX code to predict the flow field around MAV rotors and give us confidence for further computations of this type. In particular, they showed that the boundary conditions of the computations were set at a sufficient distance from the rotor and provided important rules which were applied to the following computations. 
Two-Bladed Single Micro-Rotor Model of the GLMAV Platform
First computations of the steady-state case of a single rotor of the GLMAV platform having a pair of blades were made also with 3 grids in a very short time in order to obtain an accurate grid with a minimum computational volume. Today, the meshes are built with the ICEM CFD software, benefiting from the experience gained in the computations of the micro-rotor model.
Computational Grids
The computational domain was limited by the surfaces where the boundary conditions were fixed. Grids were constructed for a half-domain, due the symmetry of the problem. One rotor blade of a radius of 0.125 m was located within a half-cylindrical rotating volume, which was embedded in a halfcylindrical fixed domain. The cylindrical interface between the domains was located at a radius of 0.130 m. The planar interfaces between the domains parallel to the blade rotation disk were situated 0.025 m above and below the rotation plane. The cylindrical interface limiting the computational domain was located at a radius of 0.500 m. The planar surfaces limiting the computational domain were situated at 0.175 m and 0.450 m, respectively, above and below the rotation plane. The rotor head was also modelled by a half-cylinder of a 0.020-m diameter whose upper and lower surfaces were both located at 0.020 m from the rotating disk. The rotor shaft of a 0.014-m diameter started from the lower surface of the rotor head and passed through the rotating and fixed volumes to finally reach the lower surface of the fixed domain. The blade had a design completely different from the classical design of helicopter blades. Generally, a classical blade has a rectangular planform (constant chord) and it is twisted in order to have a quasi-constant lift distribution along the blade span. That particular blade had a double trapezoidal planform (variable chord) with a maximum chord close to 45% of the blade span and the profile had a constant curvature. The coarse Grid No. 1 was constructed according to the following parameters. The default domain spacings were of 20 mm. The maximum size of the edges on the blade surface was 0.25 mm, that of the rotor head and of the shaft was 1 mm, that of the interfaces between the rotating and fixed domains was 10 mm and the size of the periodic surfaces of the rotating domain was also 10 mm. This led to a mesh of 727,152 nodes and 3,884,124 tetrahedra.
The medium Grid No. 2 consisted of Grid No. 1 in which 15 surfaces were added around the blade and 5 around the rotor head and the shaft. Thus, inflated boundary layers were constructed by using an expansion factor of 1.2. The first surface next to the blade surface had a height of 0.010 mm, yealding a theoretical y+ value of 2. This led to a mesh of 2,540,732 nodes, 2,438,530 tetrahedra and 4,101,972 prisms.
The fine Grid No. 3 ( Figure 12 ) was built according to the following parameters. The default domain spacings were also 20 mm. The maximum size of the edges on the blade surface was 0.25 mm, that of the rotor head and of the shaft was 0.50 mm, that of the interfaces between the rotating and fixed domains was 7.50 mm and the one of the periodic surfaces of the rotating domain was also 7.50 mm. Inflated boundary layers were also constructed by distributing 15 layers around all the solid surfaces and by using an expansion factor of 1.2. The first surface next to the blade surface had a height of 0.005 mm, leading to a theoretical y+ value of 1. This gave a mesh of 3,105,888 nodes, 4,380,537 tetrahedra and 4,533,861 prisms. 
Boundary Conditions
Computations were carried out under ambient conditions of P s = 0.95 bar and T s = 293 K. These boundary conditions were applied to surfaces limiting the computational domain, except to the symmetry plane. That plane was divided into four surfaces by the rotation Z axis; rotational periodic boundary conditions were applied to the surfaces of the rotating domain and to those of the fixed domain. The frozen rotor, no pitch, GGI boundary conditions were applied on each interface surface situated at connections between the two domains. Many rotation speeds were set, ranging from 3,000 rpm to 9,000 rpm, as the GLMAV is designed to have a rotation speed of 10,000 rpm deduced from the first investigations. A zero gradient of turbulence was also set at inlet portions of the flow.
Solver
Version 13 of the ANSYS CFX code was used for the present steady-state computations in the same way as the one of the previous Section 3.1.3. Only turbulent computations were made by using the SST two-equation model of turbulence in order to obtain the most pessimistic values of the performance.
Numerical Simulations
The first steady-state computation of the current version of the single rotor of the GLMAV platform was carried out with Grid No. 1 for a rotation speed of 3,000 rpm. Then the rotation speed was increased successively to 5,000, 7,000 and finally 9,000 rpm. Due to the fact that the convergence was faster for 9,000 rpm, the first computation with Grid No. 2 was started for 9,000 rpm by using the solution obtained for Grid No. 1. Then the rotation speed was successively decreased down to 3,000 rpm. The same procedure was applied to computations with Grid No. 3. Figure 13 depicts the convergence graphs of the maximum residual values of the equations solved in the computations using Grid No. 2. The curves show that the higher the rotation speed, the faster the convergence. Figure 14 depicts the thrust and torque as well as the figure of merit computed by using the different meshes of the single rotor of the GLMAV platform. These computations show the convergence of the meshes and Grid No. 2 is sufficient to predict the aerodynamics of that micro-rotor model. This is important for computational time-consumption reduction because in the next section, two counterrotating rotors are considered, leading to an unsteady computation. It is noticeable that the figure of merit slightly increases with the increase of the rotor rotation speed; values of 0.50, 0.51 and 0.52 are obtained for rotation speeds of 5,000, 7,000 and 9,000 rpm, respectively. 
Complete GLMAV Platform
Nowadays, fifteen years after the first computation, a fully transient numerical simulation was possible for the complete GLMAV platform by using a fine mesh in such a way that the y+ value was near 1 or 2. As mentioned earlier, the GLMAV had two counter-rotating rotors having two blades each. Only a fine mesh was built with the ICEM CFD software, based on the experience gained from the computations on the first version of the GLMAV platform (not presented in this paper) and on the single rotor of the new GLMAV platform.
Computational Grids
The grid was also constructed for a half-domain, due to the symmetry of the problem. The upper rotor blade of a radius of 0.125 m was located within a half-cylindrical rotating volume and after some geometrical transformations the identical lower rotor blade was also situated within another halfcylindrical rotating volume. The blades had the same geometry as that of the single rotor previously studied. The spacing between the upper and lower rotors is 0.050 m. The two counter-rotating volumes were connected together at mid-distance between the rotors through an interface and they were embedded into a half-cylindrical fixed domain. The cylindrical interface between the domains was located at a radius of 0.130 m. The planar interfaces between the domains parallel to the blade rotation disks were situated 0.025 m above and below those rotation planes. The cylindrical interface limiting the computational domain was located at a radius of 0.500 m. The planar surfaces limiting the computational domain were situated at 0.175 m and 1 m, respectively, above and below the rotation plane of the upper blade. The rotor shafts of a 0.014-m diameter, the block of two electrical motors of a 0.028-m diameter and the projectile of a 0.080-m diameter and its fins were also modelled within the fixed volume. The upper motor block and the upper projectile surfaces were located at 0.0925 m and 0.1125 m from the rotation plane of the upper blade.
The presence of fins was justified by aeroballistic considerations. A theoretical study of the ballistics of the projectile (rotor embedded within the projectile shell) showed that the projectile had to be stabilized either by spinning it or by adding fins near its base. For mechanical and simplicity reasons, it was chosen to stabilize the projectile by fins during its ballistic phase. Many numerical simulations of the finned projectile alone carried out with the ANSYS CFX code allowed the optimization of the fin geometry to be achieved; the optimization consisted of minimizing the fin surface while keeping the ballistic stability.
Founded on the converged mesh results obtained for the single rotor of the GLMAV, only one mesh was built for the computation of the complete GLMAV; that grid was based on Grid No. 2, as Grid No. 2 and Grid No. 3 led to the same results (see Section 3.2.4). Consequently, the default domain spacings were also of 20 mm. The maximum size of the edges on the blade surfaces was 0.25 mm, that of the rotor heads was 0.50 mm, that of the shaft was 1 mm, that of the interfaces between the rotating and fixed domains was 10 mm, the one of the periodic surfaces of the rotating domains was also 10 mm and the one of the periodic surfaces of the fixed domain was 15 mm. Fifteen layers distributed around all solid surfaces using an expansion factor of 1.2 were also constructed in order to build inflated boundary layers. The first surface next to the blade surface had a height of 0.010 mm, yealding a theoretical y+ value of 2. This led to a mesh of 5,487,568 nodes, 4,812,142 tetrahedra and 9,028,188 prisms. Figure 15 depicts the geometry of the GLMAV platform and the mesh on the surfaces. 
Boundary Conditions
The computation was carried out under ambient conditions of P s = 0.95 bar and T s = 293 K. These boundary conditions were applied to the surfaces limiting the computationnal domain, except to the symmetry plane. That plane was divided into six surfaces by the rotation Z-axis; rotational periodic boundary conditions were applied to surfaces of the two counter-rotating domains and to those of the fixed domain. The frozen rotor, no pitch, GGI boundary conditions were applied to each interface surface situated at connections between the three domains. Only one configuration was computed in which the upper-rotor rotation speed was 5,000 rpm and that of the lower one was -5,000 rpm.
Solver
Version 13 of the ANSYS CFX code was used for the present transient computation. The SST twoequation model of turbulence was also activated. As in previous computations, a zero gradient of turbulence was set at inlet portions of the flow.
A fixed time step was set at 1.111 • 10 -5 s, corresponding to a third of a degree of the angular blade displacement. A maximum of 10 relaxation iterations within the given time step was fixed.
Numerical Simulations: Aerodynamic Performance Prediction
Some numerical simulations were started by following the extrapolations from previous computations and from assumptions made for the first performance evaluations of the GLMAV platform. At the time, it was assumed that the thrust of a birotor was deduced from the thrust of a single rotor multiplied by a factor of 1.5 in order to take into account the interaction between the upper rotor and the lower one. According to that, the rotation speed should be around 5,300 rpm to obtain a thrust of about 10 N.
After a few computed rotor revolutions of the GLMAV platform, these first numerical simulations indicated that the interaction factor was smaller than the assumed one and the final computation was carried out for a rotation speed of 5,000 rpm for the upper rotor and -5,000 rpm for the lower one. The computation was started from a medium at rest under pressure and temperature conditions of 0.95 bar and 293 K, respectively. Figure 16 presents the convergence graphs of the RMS residual values of the equations solved in the computation; it must be kept in mind that the GLMAV-platform mesh is built on the basis of Grid No. 2 used for the single rotor of the GLMAV platform. The computation was made for about 13 rotor revolutions in such a way that the rotor wake reached an equilibrium far away from the rotors, which means near the downstream outlet surface. Before the instant t = 0, the GLMAV platform is plunged into the medium at rest. At t = 0, the blades are perpendicular to the symmetry plane and instantaneously, the rotors start to turn in opposite directions. At t = 3 ms, the rotors have turned a quarter of a revolution in 270 iterations. The W-velocity component gradient present at the blade tips shows the production of the tip vortices, which is contributing to the platform thrust.
At t = 30 ms, 2,700 iterations are performed and the rotors have rotated 2.5 revolutions. Tip vortices are clearly visible in the vertical plane and in the first horizontal plane below the rotors. The negative values of the W-velocity component characterize the wakes produced by the rotors, which interact with all parts of the platform. A positive W-velocity component appears in the vicinity of the rotor heads, due to the presence of the motors and of the projectile shell.
At t = 45 ms, the rotors have turned 3.75 revolutions and the tip vortices are once again clearly visible. By comparing the results with the previous plot, a contraction of the wake occurs just below the lower rotor, which is in compliance with the physics observed on the 2-m-diameter rotor [10] .
At t = 60 ms, after 5 rotor revolutions, the rotor wakes move downward along the projectile shell. Above the upper rotor the W-velocity component is negative, indicating the suction of the flow through the rotation disk.
At t = 90 ms, after 7.5 rotor revolutions, the rotor wakes are convected below the projectile nose and a recirculation zone forms below it. The complete domain is now perturbed by the rotation of the rotors, which can be observed at the boundaries of the domain.
At t = 120 ms, 2.5 rotor revolutions later, the rotor wakes contract once more just below the projectile nose, reducing the recirculation zone below it. This recirculation zone, having a nonnegligible W-velocity component, is important as it contributes to the total thrust.
At t = 150 ms, after 12.5 rotor revolutions, the rotor wakes contract completely below the rotors. The equilibrium of the flow field in the vicinity of the rotors is reached.
At t = 165 ms, after 13 rotor revolutions, the complete flow field has reached its equilibrium, allowing the aerodynamic performances to be determined. the motors, the shaft and the rotor heads. The figure indicates that the values are reached after nearly 90 ms, which means after 7.5 rotor revolutions. The upper and lower rotors produce nearly the same thrust of 6.5 N, the projectile is an obstacle for the thrust and it causes a negative effect of only -0.4 N. As a consequence, the total vertical force is about 12.6 N, which is nearly twice the thrust of the single rotor of the GLMAV platform. The torque of the upper rotor is about -0.17 mN and that of the lower rotor is nearly 0.21 mN; the upper-rotor wake interacts with that of the lower rotor, leading to an increase in the torque of the latter. Thus, the consumed power of each rotor is 89 W and 110 W for the upper and the lower rotors, respectively. The residual torque is close to 0.03 mN, which must be compensated for in hover-flight conditions by the ajustment of the rotation speeds in order to cancel the roll motion of the platform.
The thrust and torque coefficients as well as the figure of merit are deduced from the computation. The thrust coefficients for the upper and lower rotors are nearly equal to 27.4 • 10 -3 and the torque coefficients are -5.7 • 10 -3 and 7.1 • 10 -3 , respectively. This leads to figures of merit of -0.56 and 0.45 for the upper and lower rotors, respectively. These absolute values are around 10% larger and lower than the one of the isolated rotor studied in Section 3.2.4 which is 0.50. The upper rotor wake interacts with the lower rotor which acts as a virtual porous plane leading to a thrust increase of the upper rotor. That interaction of the upper rotor wake with the lower rotor creates an additional resistance on the lower rotor blades leading to an increase of the blade drag and consequently an increase of the torque. The figure of merit of the vehicle is computed by adding the overall thrusts and torques and a value of 0.68 is found.
CONCLUSIONS
Experiments carried out in 1993 on a 2-m-diameter rotor allowed the measurement of the thrust produced by 2 classical helicopter blades and the torque supplied to the rotor. In 2008, on the basis of these measurements and assuming that there is no scale effect, extrapolations were performed to build a micro-rotor model of a diameter of 0.2 m. At the same time, steady-state, laminar and turbulent numerical simulations were carried out on that micro-rotor model to verify the extrapolation method. In 2011, the micro-rotor model was built and the same kind of measurements as the ones carried out on the 2-m-diameter rotor were performed in order to validate the numerical simulations and to check the assumptions.
The agreement between the computations and the micro-rotor model measurements is particularly good. These results prove the ability of the ANSYS CFX code to predict the flow field around MAV rotors and give us confidence for further computations of this type. The measured results also highlight a scale effect between the 2-m-diameter rotor and the 0.2-m-diameter micro-rotor model.
In 2011, the present version of the GLMAV was designed and new steady-state computations were carried out on a single rotor of the GLMAV platform by using 3 grid-refinement levels in order to define the mesh of the complete GLMAV platform.
Finally, the transient flow around the complete GLMAV platform was computed by using a fine grid allowing the performance of the aerodynamic architecture to be evaluated. The calculated total vertical force of about 12.6 N was obtained for the GLMAV platform having two counter-rotating rotors turning at 5,000 and -5,000 rpm, which will be sufficient for the hovering flight because the platform mass should be lower than 1 kg. The torque of the upper rotor was about -0.17 mN and that of the lower rotor was nearly 0.21 mN; the difference was due to the upper-rotor wake, which interacted with that of the lower rotor. The consumed power was 89 W and 110 W for the upper and the lower rotors, respectively. The residual torque was close to 0.03 mN, which had to be compensated for in hoverflight conditions by the ajustment of the rotation speeds in order to cancel the roll motion of the platform.
